Abstract: Zn(Ta 1-x Nb x ) 2 O 6 pseudo-binary oxide nanocrystalline materials (where x = 1, 0.5, 0.1, 0.05 and 0) were obtained through a solid-state method and characterized by X-ray diffraction (XRD) analysis, Fourier transform infrared (FTIR) spectroscopy and ultraviolet-visible (UV-Vis) spectroscopy. In addition, their morphology and topography were determined by field emission--scanning electron microscopy (SEM) and atomic force microscopy (AFM). There was a significant dependence between the rugosity and the uniformity of the crystals. Crystals evenly organized in multilayers had the lowest values of rugosity and non-uniform fractal type architectures had the highest values of rugosity. The anti-corrosion features of the compounds were evaluated after deposition on carbon steel (OL) in 0.1 M Na 2 SO 4 media by open circuit potential measurements and the potentiodynamic polarization technique with Tafel representation. The inhibition efficiency of the pseudo-binary oxides deposited on a carbon steel electrode was in the range 42.3-52.7 %, which was promising for their further multiple-layer deposition with porphyrins in order to improve anticorrosion properties. Due to the high band gap (3.80-4.30 eV), provided by increasing the tantalum content, four of these pseudo-binary oxides could find applications in photovoltaic cells.
INTRODUCTION
Steel, 1 a widely used material in many industries, is prone to corrosion as a result of reactions with the environment. This spontaneous process could compromise the integrity of the material and might cause serious impact on the environment. For these reasons, measures to prevent and control corrosion are required.
Zinc is the most widely used material for protection of steel against corrosion. [2] [3] [4] Its corrosion resistance, however, is limited. Zinc alloys can create improved corrosion resistance compared to pure zinc in the protection of ferrous--based metals. [5] [6] [7] [8] [9] Efforts to improve the corrosion stability of pure zinc coatings have been directed toward alloying with a more noble metal or adding surface inhibitors. 10 Recently, niobium and tantalate oxides were applied in chemical processing applications due to their outstanding corrosion resistance. [11] [12] [13] Binary niobate and tantalate compounds with the general formula Zn(Ta 1-x Nb x ) 2 O 6 were found to be promising candidates for application in microwave devices based on the improved dielectric properties of these compounds, revealing both a high quality factor (Q×f) and dielelectric constant (ε r ). [14] [15] [16] [17] [18] ZnTa 2 O 6 was obtained by several modern chemistry preparation routes, e.g., citrate sol-gel, 19 but the most used method is the conventional solid-state reaction of mixed oxides. [17] [18] [19] [20] [21] Zn(Nb 1-x Ta x ) 2 O 6 (where x = 0, 0.2, 0.4, 0.6, 0.8, 0.9 and 1) novel derivatives exhibiting remarkable dielectric properties were usually prepared by the conventional mixed oxide route. 22 ZnNb 2 O 6 was also used as a dielectric 23, 24 and was obtained using the molten salt synthesis, 25, 26 the sol-gel method, 27 solid-state reaction 23, 24, 28 and the optical floating zone method. 29 These materials were used in photocatalysis, [30] [31] [32] [33] [34] [35] as electrochemical gas sensors, 36 in the energy storage field 37 and in solar cell formulations. 38 The present study was focused on obtaining three novel pseudo-binary compounds, namely: Zn(Ta 1-x Nb x ) 2 O 6 , (where x = 0.5, 0.1 and 0.05) and on an investigation regarding their structural, morphological and optical properties in comparison with the already known ZnNb 2 O 6 and ZnTa 2 O 6 . The effects produced by the increased content of tantalum on the properties of these novel pseudo-binary oxides are discussed. Based on successful experience in corrosion protection (inhibition efficiency up to 96 %) by bilayer depositions of Zn 3 Ta 2 O 8 or Zn 3 Nb 2 O 8 and 5-(4-pyridyl)-10,15,20-tris(4-phenoxy-phenyl)porphyrin or 5-(4-pyridyl)-10,15,20-tris(3,4-dimethoxy-phenyl)porphyrin 39 on carbon steel electrodes, another important aim was to evaluate the anticorrosion activity exhibited by thin films of these compounds on carbon steel in an acid environment.
PSEUDO-BINARY OXIDES NANOMATERIALS 165 rature. The FTIR measurements were performed on a JASCO 430 FTIR spectrometer in KBr pellets. The morphology and the particle dimensions of the samples were investigated by SEM / EDAX (Model INSPECT S) and AFM (Model Nanosurf ® EasyScan 2 Advanced Research). The band gap of the nanomaterials was estimated from the diffuse reflectance spectrum, at room temperature, recorded on an UV-Vis-NIR spectrometer Lambda 950. The electrochemical measurements were realised using a Voltalab potentiostat, Model PGZ 402. The degree of inhibition efficiency, IE (%), was calculated based on the equation for the efficiency potential calculation, 40 which is given in the Supplementary material to this paper along with the method for corrosion testing and cell description. The method for corrosion testing and cell description are given in the Supplementary material to this paper.
Reagents. ( Table I ). The obtained materials were in the form of powders and these were subsequently heated at 1200 °C for a soaking time of 3 h. The samples were heated and cooled in a furnace at a rate of 5 °C min -1 . 
Structural characterization
The X-ray diffraction patterns for: a) ZnTa 2 As can be observed, at 2θ = 20.55°, the intensity of the peak decreased as the Nb concentration increased. The peak situated at 2θ = 24.67° (Fig. 1a) , which belong to ZnTa 2 O 6 , is shifted to left with increasing Nb concentration and finally reaches 2θ = 24.67° (Fig. 1e) , which corresponds to the ZnNb 2 O 6 nanomaterial according to JCPDS. The mean crystallite size (d) of the powder samples was calculated using the Scherrer equation. 43 The average crystallite sizes determined from XRD line broadening for each of the samples were: 58 nm for ZnTa 2 The FTIR spectra of the newly obtained nanomaterials (Zn(Ta 1-x Nb x ) 2 O 6 (x = 0.5, 0.1 and 0.05)) displayed some distinctive bands that were located at 600 cm - O 6 ]. Analyzing the structure of the novel nanomaterials and the presence of the known bands from the precursor oxides, these new displayed bands at 640 cm -1 and at 620 cm -1 could be assigned to Zn-O-Nb and to Zn-O-Ta novel generated bonds. As expected, these new bands were strongly associated with the increased presence of each element in the structure of the nanomaterials. Thus, the intensity of the peaks at 600 cm -1 increased with increasing of Ta content, and the position of the peaks tended to be shifted towards lower wave numbers with increasing of ZnO content, in agreement with reported data. 21, 44 Moreover, equal mole ratios of Ta and Nb generally favoured large non-resolved bands. Another aspect is that the very weak bands with peaks around 540-560 cm -1 could be attributed to symmetrical stretching vibration modes ν s (O-Metal-O), where the metal is Ta or Nb. 
Morphological characterization
The morphological aspects of the resulting powders were examined by SEM, as shown in Fig. 3 In Figure 4 are shown The AFM images of the surface for each of the studied materials deposited on OL electrodes, using a scan size of 1 μm×1 μm. A contact mode cantilever was used to measure the samples. O 6 , in very good agreement with the results of the XRD measurements. The particle size increased in accordance with the increasing tantalum content. The surface roughness was calculated using equations for the roughness from the literature. 45 The measured surface had an area of 1.243 pm 2 . Using the Nanosurf EasyScan 2 computer software, the values of S a and S q for the nanomaterials were calculated as follows: S a = 0.21 nm and S q = 0.38 nm for ZnNb 2 There is a strong correlation between the aspect of the samples (SEM images) and the rugosity. The more uniform crystals displayed in multilayers reflect in the lowest value of rugosity and the non-uniform fractal type architectures present the highest value of rugosity. Some failure of the surfaces pro ducing deep pores and channels could be noticed (Fig. 4c-e) .
Optical properties
Using the Kubelka-Munk equation, 46,47 the absorbance was calculated from the reflectance spectra (Fig. 5) . The diffuse reflectance spectra were also recorded (Supplementary material to this paper). The plots of {(k/s) hν} 2 vs. hν, where k denotes absorption coefficient, s is the scattering coefficient and hν is the photon energy, are presented in the inset to 
Tafel plots
Tafel plots of the investigated OL electrodes, recorded after 30 min OCP (Supplementary material) in 0.1 M Na 2 SO 4 solution, are shown in Fig. 6 . The parameters calculated from these plots are summarized in Table II . The slopes were determined in the Tafel region of the anodic and cathodic curves for segments of approximately 50 mV.
The current density corresponds to the rate of the electrochemical reactions associated with corrosion processes taking place on the OL surface, under polarization in 0.1 M Na 2 SO 4 media. The corrosion potential (E corr ) of the bare OL electrode was −1.05 V and the corresponding corrosion current density (i corr ) was 40.36 μA cm -2 . In all cases the presence of Zn(Ta 1-x Nb x ) 2 O 6 shifted the polarization curves towards the region of lower corrosion current densities because of the better stability of the covering metal oxides. For all the studied covering materials, a similar corrosion inhibiting activity was observed, as presented in Table II . The differences in the inhibition efficiencies (IE) were probably generated by the differences in the stability of these materials, the roughness and the porosity of the protective coatings. Comparing, for instance, ZnNb 2 O 6 and ZnTa 2 O 6 , the average roughness increased from S a = 0.21 nm to S a = 0.73 nm and the IE decreased from 52.7 to 48.61 %, respectively. Furthermore, ZnNb 2 O 6 had a uniform covering aspect being less porous than ZnTa 2 O 6 . This study clearly showed that a decrease in the niobium content in the pseudo-binary oxides was accompanied by an increase in the average roughness values, which had the effect of decreasing the inhibition efficiency.
The shift of E corr towards negative values in the presence of Zn(Ta 1-x Nb x ) 2 O 6 was caused by the different nature of the electrochemically active species from the metal surface (Zn, Ta and Nb) besides Fe. The presence of solely niobium ions next to the zinc ones (the case of ZnNb 2 O 6 ) shifted the corrosion potential towards more negative values (-1.15 V), the corrosion current density being decreased from 40.36 (OL) to 19.09 μA cm -2 , which means a decrease in the corrosion rate (v corr ) and a better inhibition efficiency.
The polarization resistance (R p ) increased slightly from 0.9 for bare OL to 1.43 kΩ cm 2 The existence of a single crystalline phase and the average crystallite size were evidenced from the XRD diagrams and confirmed by the AFM measurements. A strong correlation between the aspect of the samples (SEM images) and the rugosity properties was found. The nanomaterial capacity to agglomerate might justify the continuous and uniform covering of the OL materials.
The structure of the studied materials was confirmed by FTIR spectroscopy and EDAX analysis. The values of the band gap increased in the order: ZnNb 2 O 6 , Zn(Ta 0.5 Nb 0.5 ) 2 O 6 , Zn(Ta 0.9 Nb 0.1 ) 2 O 6 , Zn(Ta 0.95 Nb 0.05 ) 2 O 6 and ZnTa 2 O 6 , which followed the increased chemical stability of the tested material with inc-reasing tantalum content, recommending these materials for application in photovoltaic cells.
The electrochemical parameters of the Tafel plots illustrate corrosion inhibition in the presence of all the new synthesized Zn(Ta 1-x Nb x ) 2 O 6 compounds deposited on an OL surface. The combinations of Zn oxide with Ta and Nb oxides evidently increased the inhibition efficiency with increasing niobium content in the material. The best results revealed that a ZnNb 2 O 6 treated electrode exhibited an inhibition efficiency of 52.7 %.
Due to the inhibition efficiency of pseudo-binary oxides deposited on carbon steel electrode, the nanomaterials with increased niobium content will be used in multiple layer deposition with porphyrins in order to improve anticorrosion properties. Due to the high band gaps (3.80-4.30 eV) provided by increasing the tantalum content, four of these pseudo-binary oxides might find applications in photovoltaic cells. највеће вредности набораности. Антикорозионе особине једињења су испитиване након депозиције на угљенични челик (OL) у 0,1 M Na 2 SO 4 помоћу мерења потенцијала отвореног кола и потенциодинамичке поларизационе технике преко Тафелових зависности. Ефикасност инхибиције таложења псеудо-бинарних оксида на електроди од угљеничног челика била је у опсегу 42,3-52,7 %, што може имати утицаја на њихову слојевиту депозицију у присуству порфирина, као и боља антикорозиона својства. С обзиром на чињеницу да долази до великог скока потенцијала (3,80-4,30 eV) приликом повећања садржаја тантала, може се претпоставити да четири испитивана псеудо-би-нарна оксида могу потенцијално имати примену у фотонапонским ћелијама.
(Примљено 8. јула, ревидирано 10. септембра, прихваћено 11. септембра 2015)
